Pulmonary surfactant is present as the thin film of surface active material in the terminal airspaces and conducting airways. The major function of the surfactant film is to reduce the surface tension at the alveolar surface. Deficiency or dysfunction of pulmonary surfactant cause severe respiratory diseases that make the study of pulmonary surfactant not only of physiological but also of clinical importance. There are three main categories of methods for assessing the properties of pulmonary surfactant: in vitro, in situ and in vivo techniques. Pulsating bubble surfactometer (PBS) and captive bubble surfactometer (CBS) enables to study surfactant properties at spherical air-liquid interphase. Capillary surfactometer in contrast to alveolar models mimics the human terminal airways and evaluates surface properties required for airway patency. Each of above-mentioned methods enables to study exogenous surfactants, as well as surface activity of lavage fluids or tracheal aspirates. Biophysical characteristics should be reflected by lung compliance and, as a consequence, by improved blood oxygenation. Various animal models have been developed to evaluate the efficacy of surfactant replacement therapy on preterm and term animals. In vivo models can be divided in those, primarily involving surfactant deficiency, such as premature animal model, and those with secondary surfactant dysfunction or inactivation, such as meconium or acid aspiration models. This review is restricted to the in vivo and in vitro techniques handled by the authors in their research performed within the last years at both domestic and external laboratories.
INTRODUCTION
Pulmonary surfactant is present as the thin film of surface active material in the terminal airspaces and conducting airways. The major function of the surfactant film is to reduce the surface tension at the alveolar surface. First, pulmonary surfactant reduces the energy required to inflate the lungs thereby increasing pulmonary compliance, second, by increasing elastic recoil, pulmonary surfactant reduces the likelihood of alveolar collapse during expiration. Deficiency or dysfunction of pulmonary surfactant causes severe respiratory disease. Exogenous surfactant replacement therapy, in which either synthetic or modified natural pulmonary surfactant is delivered into the patients´ lungs, has been established as a standard therapeutic intervention for patients with neonatal respiratory distress syndrome (RDS). Beside neonatal RDS, surfactant replacement therapy can also be helpful in other forms of lung disease in paediatric or adult patients, in which endogenous surfactant is inactivated by aspirated material or leakage of plasma proteins into the airspaces. Thus, with less or more success, exogenous pulmonary surfactant is also used in acute respiratory distress syndrome (ARDS), meconium aspiration syndrome (MAS), aspiration pneumonia and other forms of lung injury.
Methods for assessing the properties of pulmonary surfactant fall into three categories: in vitro, in situ and in vivo techniques. This review deals with the techniques used by the authors in the research done within the last years in laboratories of domestic and foreign institutions.
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IN VITRO METHODS FOR EVALUATING PULMONARY SURFACTANT
At least three physical properties of the surfactant system are essential for normal lung function, especially in the neonatal period. These are: 1) rapid adsorption from the hypophase, 2) low film compressibility with a drop in surface tension to very low values during surface compression and 3) effective replenishment of squeezed-out film constituents during surface expansion (1) . Several systems have been used to determine the surface activity of surfactant materials. In this chapter, pulsating bubble surfactometer, captive bubble surfactometer and capillary surfactometer are discussed. Each of them enables to study exogenous natural or modified natural surfactants or newly developed synthetic surfactants, as well as surface activity of lavage fluid, tracheal or gastric aspirates after appropriate processing.
Pulsating bubble surfactometry
Pulsating bubble surfactometer was developed by Göran Enhörning and first published in 1977 (2) . It enables to study surfactant properties at spherical air-liquid interphase. With this technique, approximately 20 l of test fluid is filled in a plastic sample chamber. An air bubble is connected to the ambient air by a chimney. A bubble of minimal radius (r=0.4 mm) is created at 37 °C and it is maintained at minimal size for one to several minutes. Next, pulsation is started usually at a cycling rate of 20-40 rpm. The bubble radius then varies between 0.4-0.55 mm (corresponding to an area compression of 50 %). Pressure across the bubble wall is recorded during the 5 th cycle and after 1, 2 and 5 min of pulsation with a microprocessor and values for surface tension at maximum and minimum bubble size ( Fig.1) are calculated according to the Laplace equation (e.g. 3) . With this method, there are still problems with surface leaks. The method is not suitable to investigate the film stability at minimum surface tension in the non-pulsating mode. The pulsating bubble system is very convenient for examining the surface activity of samples under dynamic compression, as leakage is less of problem if relatively high cycling frequences are chosen (1). Captive bubble surfactometry Captive bubble surfactometer (CBS) was introduced in 1989 as an air-tight, leakage-proof alternative to pulsating bubble surfactometer (4) . The test chamber is initially filled with 10% sucrose in saline. Two l of surfactant are injected into the sample chamber and allowed to migrate by buoyance to the 1% agarose gel ceiling. An air bubble is then placed under the ceiling in contact with the surfactant preparation, and surface tension is measured from the time of bubble insertion. After 5 min of adsorption, the sample chamber is sealed, and the quasi-static cycling is initiated. Bubble volume is controlled by varying the pressure in the sample chamber. As bubble volume is reduced, the surface area is reduced and the surface tension of the surfactant film at the bubble surface falls. The bubble shape changes depending on surface tension, from more spherical to an oval shape. As the surface tension falls towards zero, a bubble shape assumes a thin disk. Minimum and maximum surface tension ( Fig.2; 5 ), volume and area of compression needed to reach min of 5 mN/m (area %) are calculated from the bubble height and diameter, from video images (6) . The bubble is compressed stepwise until the surface tension < 5 mN/m is reached or to 50% area compression and thereafter expanded to the initial size. This manoeuvre is done repeatedly. 
Capillary surfactometry
Capillary surfactometer is relatively new tool in the study of pulmonary surfactants (7). This model, in contrast to previous "alveolar" models, mimics the human terminal airways. It evaluates surface properties required for airway patency. The sample at a volume of only 0.5 μl is introduced into the narrow section of a glass capillary. At one end the capillary is connected to a bellows and a pressure transducer. When the bellows is slowly compressed, pressure is raised and recorded. The increasing pressure causes the sample to be extruded from the narrow section of the capillary.
As air gets through, pressure is abruptly lowered. If the sample contains well functioning pulmonary surfactant the sample liquid will not return to the narrow section. The steady airflow obtained by the continuous compression of the bellows will meet no resistance and the pressure recorded will be zero. On the other hand, at less active pulmonary surfactant, the sample liquid will return repeatedly. Ability to maintain the patency of the capillary (terminal conducting airways) is assessed by percentage of the total time (120 s) for which the capillary is open (Fig.3, 8) . 
ANIMAL MODELS FOR EVALUATION OF EXOGENOUS SURFACTANTS
Biophysical characteristics of pulmonary surfactant should be reflected by lung compliance and, as a consequence, by improved blood oxygenation. However, the in vivo situation is more complicated since the physiological response is not only determined by the biophysical properties of the surfactant, but also by how the material is delivered to the terminal airspaces and how it is metabolized once deposited (9) .
Various animal models have been developed to evaluate the efficacy of surfactant replacement therapy on preterm and term animals. In vivo models can be divided in those, primarily involving the surfactant deficiency, such as premature animal model, and those with secondary surfactant dysfunction or inactivation, such as meconium or acid aspiration models.
The immature newborn rabbit model
Respiratory distress syndrom (RDS) is typically found in prematurely born infants. Key pathophysiological features include low lung compliance, low lung volumes and inadequate oxygenation. A relevant experimental model of neonatal RDS should be based on premature animals that do not have adequate amounts of surfactant in the fetal lung liquid and therefore fail to maintain proper lung aeration after birth. The animals should develop morphological evidence of hyaline membrane disease if allowed to breathe spontaneously or subjected to artificial ventilation. These criteria are met by several animal models, the most widely used prematurely delivered rabbits and lambs (10) .
At 27 days of gestation (term=31 days), the fetal rabbit lung is nearly devoid of endogenous surfactant and the animals fail to develop adequate functional residual capacity. The animals are tracheotomized at birth and randomly allocated to different treatment groups. Up to ten animals are simultaneously kept in plethysmograph boxes at 37 °C and ventilated in parallel with 100% oxygen. Depending on the protocol, different ventilatory strategies can be used. All animals are either ventilated with the same peak inspiratory pressure (PIP) with tidal volumes depending on lung function. As other modality, PIP and thus tidal volume are individualized for each animal. Beside the basic parameters of lung functions (V T , lung -thorax compliance), it is possible to evaluate post mortem lung gas volumes as an equivalent to functional residual capacity, and to do histological or morphometric studies (e.g. 5, 11). As an alternative lung lavage can be performed.
In this animal model it was shown for the first time that neonatal RDS can be prevented by surfactant replacement via airways (12) and these encouraging results stimulated the first clinical pilot studies of surfactant replacement therapy for neonatal RDS (13) . Moreover, this model can be a base for e.g. neonatal meconium aspiration model (14) or neonatal pneumonia model (15, 16) . This model has also been utilized extensively to test exogenous surfactants. In those studies the level of positive end-expiratory pressure (PEEP) should be carefully standardized. The use of PEEP during mechanical ventilation influences several parameters of surfactant function, including dynamic lung compliance and lung permeability, and these effects may differ for different surfactants.
One of the advantages of the preterm rabbit model is the size of the preterm rabbit lung which ensures optimal surfactant distribution through the lung with a relatively simple instillation technique. Moreover, the pregnant rabbit doe usually carries multiple fetuses -ten or more in each litter that makes possibile to do the measurements relatively fast by using a large number of animals simultaneously (10, 17) . On the other hand, the small size of these experimental animals (average body weight about 30 g at a gestational age of 27 days) precludes more invasive pathological studies (e.g. intravascular administration).
Surfactant-depletion model by lung lavage
Surfactant-depletion experimental model was developed in adult guinea-pigs (18) . It is a rather clean model of surfactant depletion, involving no other initial insult to the pulmonary parenchyma. In this model, severe respiratory insufficiency is defined as a fall in PaO 2 below 60 mmHg during appropriate artificial ventilation with 100% oxygen. This method involves connecting the animal to a mechanical ventilator and subsequently lavaging the lung with saline to remove the endogenous surfactant. Because the lavage procedure can evoke the secretion of intracellular surfactant, it should be repeated several times at regular intervals. Blood gases, parameters of lung mechanics, and histologic and electron microscopic findings indicated that the lavage procedure induces a condition similar to the adult respiratory distress syndrome. Already the first lavage results in significant reduction of lung-thorax compliance and repeated lavage in a pertubation of lung functions persisting for at least 8 h. The most relevant outcome of surfactant function in these studies will be blood oxygenation (17) . The original protocol has been modified slightly by other investigators. The lung lavage models are useful for a variety of experimental purposes, including testing of surfactant preparations, evaluation of pharmacological agents stimulating synthesis and M A R T I N I A N A 2 0 1 1 S U P P L . 1 13 secretion of alveolar phospholipids and studies on the significance of various ventilator settings. In our studies, we used lung-lavaged adult rabbits to test the delivery method of exogenous surfactant and the effect of ventilation strategy after treatment (19) .
Model of meconium aspiration
Surfactant function may be disturbed in several forms of neonatal lung disease other than RDS. For example, surfactant may become inactivated by aspirated meconium or by leaking plasma proteins in inflammatory conditions characterized by increased alveolar permeability. The first experimental demonstration of meconium aspiration was reported by Gooding et al. (20) who injected human meconium into the trachea of newborn dogs. The presence of aspirated meconium in peripheral airspaces was verified by radiological and histological examination. Surfactant inhibition by meconium in experimental animals was first demonstrated by Chen et al. (21), who studied the quasi-static pressure-volume characteristic of the lungs after airway instillation of 10% human meconium. Since then only six years were needed to publish results on first severely ill babies with meconium aspiration syndrome (MAS) treated with exogenous surfactant (22) .
Surfactant dysfunction by meconium was proved in various animal models that have been used to evaluate the efficacy of different ventilatory strategies, surfactant replacement and other pharmacological therapy. This model is extensively used by our group (e.g. 23). Today, due to technical difficulty with newborn animals, the adult ones are favoured. Usually, human meconium from healthy full-term newborn infants is used. It is pooled, lyophylized and stored frozen. Prior administration, meconium is diluted by saline to appropriate concentration and injected intratracheally into anesthetized and paralyzed animals into right and left position. Animals are then artificially ventilated. Respiratory failure is defined as a 30 % decrease in dynamic lung-thorax compliance and PaO 2 10 kPa at FiO 2 1.0. Pathophysiological and morphological consequences in this model of newborn MAS are due to combination of airway obstruction, chemical pneumonitis and surfactant inactivation (14, 24) .
The model imitates to a great extent the aspiration of meconium in a newborn, however, the interpretation of results must be done carefully. Animals are usually healthy before meconium instillation that does not correspond to hypoxic human newborn and moreover, dynamics of spontaneous meconium aspiration differs from that after syringe instillation. In spite of these concerns, experimental model of meconium aspiration is a valuable tool in evaluation of many aspects of clinical MAS therapy (for review, see 25).
CONCLUDING REMARKS
In vitro modelling provides results that can be obtained faster than in animal studies. It is also less expensive and enables larger flexibility of experimental conditions. The problem is that not all in vivo studies confirm the previous in vitro data. In vivo the situation is more complex since the physiological response is not only determined by the biophysical properties of the surfactant, but also by many factors arising from the living organism.
Moreover, stimulating results obtained in animal experiments are not always reproducible in clinical trials. Firstly, most animal studies have reported on respiratory failure caused by direct injury whereas clinical acute lung injury is caused often by indirect insult. Secondly, in animals, surfactant is usually administered in optimal timing whereas in patients this treatment tends to be late. Finally, most of the animal studies are terminated within several hours and thus, they cannot evaluate long-term effects of surfactant therapy. In spite of all these concerns in vitro and in vivo modelling has a constant position in the surfactant research.
